[1] We report electric field measurements in the inner magnetosphere from the Electron Drift Instrument (EDI) on Cluster at distances of 4 < L < 10. The data used in this study span more than 1 year so that all local times are covered. Both components of the electric field perpendicular to the ambient magnetic field are mapped into the equatorial plane with the magnetic field model of Tsyganenko and Stern [1996]. Average values and standard deviations are sorted by the polarity of the B Z component of the interplanetary magnetic field (IMF). Average Kp values for both B Z polarities are 1.45 (B Z > 0) and 2.45 (B Z < 0). These electric fields are discussed in terms of their sources such as the ionospheric dynamo and the solar wind-magnetosphere interaction. We also quantify the electric field as follows: the average shielding parameter g [Volland, 1973; Stern, 1975] is $2, although the value for southward IMF is smaller than the value for northward IMF. The parameter g is larger on the duskside than in the dawn sector. The average rate of sunward transport of magnetic flux, equivalent to the duskward electric field, is estimated as 0.32 mV/m for southward IMF. Finally, fluctuations tend to be larger than the DC component around the stagnation point, which could lead to outflow of plasmaspheric material.
Introduction
[2] The magnetospheric electric field is a subject of scientific research for more than 40 years because it plays an important role for the transport of plasma by the E Â B drift motion. In the pioneer works of Dungey [1961] and Axford and Hines [1961] , the convection electric field driven by the solar-wind magnetosphere interaction is inferred in order to explain the equivalent current system from ground magnetometers. Interaction via reconnection is discussed in the former, while viscous interaction is discussed in the latter. Nishida [1966] takes into account the corotating effect in addition to the above electric field in order to explain the formation of the plasmasphere. The location of the plasmapause is determined by the balance between the convection field and the corotation field. The latter is constant, while the former varies depending on the solar wind condition. In addition, it is necessary to consider magnetosphere-ionosphere coupling. The conductivity along the magnetic field line is very large so that the electric potential difference between the two regions over large scale sizes is assumed to be zero. Hence the magnetospheric ring current, fieldaligned current, and ionospheric conductivity are important factors to determine the magnetospheric electric field as suggested by, e.g., Vasyliunas [1970 Vasyliunas [ , 1972 and Jaggi and Wolf [1973] . At the inner boundary of the ion plasmasheet, the gradient of the electric field tangential to the boundary is related to the field-aligned current. This current is closed with the ionospheric current. When we consider the balance between these currents, the electric field inside the inner edge is weaker than the electric field at regions outside of it. As a result, the convection electric field tends to be shielded inside this edge, namely the Alfvén layer. This effect depends on the geomagnetic activity.
[3] In a later study, Galperin et al. [1974] found an enhancement of the electric field at subauroral latitudes during magnetic storms. This electric field is now called subauroral polarization streams (SAPS) [Foster and Burke, 2002] and is caused by the charge separation at the inner edge of the electron plasma sheet, since plasma sheet ions can penetrate further inside than electrons. The size of these electric fields is much larger than the convection field mentioned above. The potential created at the location of SAPS is comparable to the size of the polar cap potential [Anderson et al., 2001] .
[4] Part of the magnetospheric electric field is driven by the ionospheric dynamo . Although its amplitude is small, it is prominent in regions closer to the Earth during quiet geomagnetic activity. Typically, the AC component of electric fields are reported as Pc 5 pulsations [e.g., Junginger et al., 1984] and irregular oscillations [e.g., Quinn et al., 1999] . These oscillating components are known to be comparable in size to the DC component, so they may have an important effect on the transport of the plasmas.
[5] That magnetospheric convection electric fields play a predominant role in ring current energization and trapping was demonstrated by . In this study, ring current development was simulated using a global kinetic model with a time-dependent convection electric field and variable stormtime plasma inflow on the nightside. A good agreement between modeled and observed Dst values was achieved. Jordanova et al. [2001] studied effects of inner magnetospheric convection on ring current evolution during a storm by comparing results from two convection models. They found that the agreement between model simulations and data was better for one model than the other. These studies demonstrate the necessity of good knowledge of the electric field for reliable modeling of inner magnetospheric dynamics.
[6] Despite their obvious importance, the observations of the electric field are difficult. Before in situ measurements, the electric field was inferred from ground magnetometer records and the location of the plasmapause. From spacecraft, the electric field pattern was observed by the double probe on OGO 6 [Heppner, 1972] . Maynard et al. [1983] did a statistical analysis of the electric field inside the plasmasphere from ISEE 1 with an equatorial orbit. Recently, Rowland and Wygant [1998] reported statistics of the electric field from CRESS. They analyzed the dawndusk electric field component at MLT = 1200 $ 0400 and L = 2.5 $ 8.5. Case studies of the stormtime electric field from the same instrument are reported by Wygant et al. [1998] and Burke et al. [1998] . Electric fields have also been observed by double probes from polar orbiting spacecraft [e.g., Heppner, 1972; Mozer et al., 1979; Heppner and Maynard, 1987; Harvey et al., 1995; Weimer, 1995 Weimer, , 2001 . Measurement of the ion drift along the spacecraft trajectory is another technique to measure the electric field [Heelis et al., 1976] . Ground-based measurements with incoherent scatter radars are also common [Wand and Evans, 1981; Blanc and Amayenc, 1979] . Movement of ducts of whistler paths enables estimates of the azimuthal electric field [Carpenter and Seely, 1976; Carpenter et al., 1979] . For comparison of electric fields from all these techniques, the electric field should be mapped to the magnetosphere using magnetic field models.
[7] Apart from the above measurements, the electric field can also be measured by the so-called electron beam technique. In this case the electron drift motion is directly measured by the test beam so that it is possible to measure the two components of the electric field perpendicular to the magnetic field. This instrument was first flown aboard a geosynchronous satellite, Geos 2 [Melzner et al., 1978] , although its maximum time resolution was one spin period of 6 s. Both the DC component [Baumjohann et al., , 1986 and the AC component [Junginger et al., 1984] were analyzed. This instrument was also implemented on Geotail spacecraft [Tsuruda et al., 1994 [Tsuruda et al., , 1998 Matsui et al., 2001] . Further development led to a time resolution much shorter than the spin period of the spacecraft [Paschmann et al., 1997] . This improved Electron Drift Instrument (EDI) was first put aboard Equator-S [Quinn et al., 1999; Paschmann et al., 1999] . The same type of instrument was flown also on the Cluster spacecraft, which consist of four spacecraft (SC 1, 2, 3, and 4). Initial results from them are reported by Paschmann et al. [2001] and Quinn et al. [2001] .
[8] In this study we analyze two components of the electric field data obtained by EDI on the Cluster spacecraft. As the Cluster spacecraft have polar orbits with perigees at $4 R E and apogees at $20 R E , the spatial coverage is much more extensive than the previous observations by Geos 2. Based on these new types of data sets, we investigate the electric field at 4 < L < 10, while convection in the tail lobe is investigated in a companion paper by Noda et al. [2003] . The data are organized by the polarity of the IMF B Z . The inferred electric field pattern is discussed in terms of the shielding of the dawn-dusk electric field, transport of magnetic flux, and fluctuations compared to DC components.
[9] The organization of this paper is as follows. Data used in this study are described in detail in section 2. Two case studies of the electric field are shown in section 3. The first one is in the premidnight MLT sector, while the other one is in the afternoon MLT sector, so that different characteristics are illustrated between these two. Statistical results are shown for average features and standard deviations in section 4. These results are compared with previous electric field observations. Physical implications are discussed in section 5. Finally, conclusions are given in section 6.
Data
[10] In this study we use the electric field data from the Electron Drift Instrument (EDI) on Cluster. The hardware specification and principle of operation of the instrument are described in detail by Paschmann et al. [1997 Paschmann et al. [ , 2001 . Here we discuss them briefly. The energy of the emitted beam from the electron gun is 500 eV or 1 keV. Electron motion consists of E Â B drift and gradient B drift in addition to the gyration about the magnetic field line. We determine the electric field from the E Â B drift motion. The contribution from the gradient B drift is not large in the available data as discussed later. There is no curvature drift because the electron beams are emitted in the direction perpendicular to the magnetic field. When the artificially emitted electrons come back to the detector, they are accompanied by the natural background electrons. The latter represents a quantity of available electrons with an energy of 500 eV or 1 keV with a pitch angle of 90°. In this study, data from SC 1, 2, and 3 are used. The EDI on SC 4 was not operating during the time interval analyzed. The time resolution of the original data set used in this study is 2 s. If there are no return beams on the detector, it is not possible to obtain the electric fields. Hence there are data gaps from time to time. When the raw data are processed, the quality of the data is tagged as good, caution, or bad. In this study only data with good quality are used. Moreover, we have removed data spikes which differ by more than 10 mV/m from their neighboring points because we can get a smoother result.
[11] We also use magnetic field and plasma data from ACE spacecraft as an upstream monitor of the solar wind [Smith et al., 1998; McComas et al., 1998 ]. The propagation delay is taken into account and 40 min averages are used. As for the mapping procedure, we use the magnetic field model of Tsyganenko and Stern [1996] .
Case Studies
[12] We show data from two Cluster orbits to illustrate the electric field measured. One event includes data from the premidnight region, while the other includes data from the afternoon.
[13] Figure 1 shows the electric field data between À60°a nd 60°magnetic latitude (MLAT) on 13 April 2002. The quantities other than MLAT at the bottom of the figure are for SC 1. The difference in UT between times that SC 1, 2, and 3 pass through the same MLATs is within 1 min in this case. The average value of the interplanetary magnetic field (IMF) from ACE is (B Y , B Z ) = (À1.3, À3.6) nT so that the direction is southward, although the polarity of the 40 min average field changes from southward to northward at $1615 UT. The geomagnetic activity is moderate. (Kp values are 3 + and 4 À .) The top two panels show electric fields in the inertial and field-aligned coordinate system for two perpendicular components: outward and eastward. The data from three spacecraft are shown with the following colors: SC 1 (black), 2 (red), and 3 (green). The electric fields from the three spacecraft are similar to each other so that the electric field does not seem to have strong spatial gradients. Contributions from corotation and gradient B drift are calculated using the magnetic field model of Tsyganenko and Stern [1996] . Each contribution is shown with light blue and dark blue colors, respectively. The bottom panel in the figure shows background electrons, namely natural electrons, with an energy of 1 keV. From this panel, we can see that the spacecraft are earthward of the inner edge of the electron plasmasheet between À10°and 7°b ecause of the lower count rate of the background electrons. At higher magnetic latitude, the spacecraft are in the plasmasheet. The count rates of electrons are high in this region. Beyond these latitudes, the spacecraft are in the polar cap because the electron count rates are close to zero.
[14] The electric field data within the inner edge indicate strong outward components. Their magnitude is approximately 1 mV/m in the inertial frame. If we take into account the corotating speed with À0.5 mV/m, the magnitude is as large as 1.5 mV/m in the corotating frame. This large electric field might result from the so-called subauroral polarization streams (SAPS) as defined by Foster and Burke [2002] or subauroral ion drifts (SAID). Here we should note that the effect of the gradient B drift is not large. The magnitude is at most $0.1 mV/m around perigee, otherwise it is even smaller. As for the azimuthal component, the electric field around the inner edge is slightly eastward, which is consistent with the ground whistler observation by Carpenter et al. [1979] . The contribution from the corotating and gradient B drifts to the azimuthal component is negligible. At higher latitude in the plasmasheet with natural background electrons, the electric fields are continuous through $15°MLAT. Beyond this latitude, the electric field is largely scattered, which indicates that strong wave components exist. When the spacecraft move further in the polar cap, the convection is not scattered. The direction is consistent with the two-cell convection pattern, although this point is beyond the scope of this study, which will concentrate on data at L < 10 (À45.4 $ 45.5 MLAT in Figure 1 ).
[15] Figure 2 shows another event between À60°and 60°M LAT on 11 July 2001. The L value is less than 10 between À45.6 and 46.5 MLAT. The difference in UT between the times that SC 1, 2, and 3 pass through the same MLATs is within 40 min in this case. The IMF from ACE is (B Y , B Z ) = (À5.1, 1.4) nT. It is dawnward and northward. Kp values are 1 + or 1 so that the geomagnetic condition is quiet. The top panel shows slightly inward component in reference to the corotating field around the perigee. The size is $0.1 mV/m in the corotating frame. As the absolute value of the magnetic latitude increases to 30°, the sign of the radial electric field changes to outward. Although the electric field values are scattered, the approximate magnitude is 1 mV/m. As for the azimuthal component, the sign reverses around the magnetic equator: the direction is westward in the Northern Hemisphere and eastward in the Southern Hemisphere. When IMF B Y has large negative values, the convection cell pattern is different between the two hemispheres. The dawnside cell becomes larger in the Northern Hemisphere, while the duskside cell becomes larger in the Southern Hemisphere. Such an effect might be canceled at the equator, which is consistent with the observation. It is more difficult to explain the reversal of the direction at the equator with the temporal variation of the convection during the equatorial passage of the spacecraft because the IMF is mostly stable during this interval. At this MLT, the background counts of electrons at 1 keV are smoothly varying so that the inner edge and polar cap boundaries are not clear, which is consistent with . As we have data for more than 1 year, the full range of MLT is covered. Measured electric fields are mapped to the magnetic equator using the magnetic field model of Tsyganenko and Stern [1996] for each 5 min interval, assuming equipotential magnetic field lines. The mapped locations when EDI data were available are shown in the top panel of Figure 3 . As we are interested in the electric field in the inner magnetosphere, only periods with L < 10 are selected; Cluster perigee is L $ 4. As seen from the figure, the spacecraft orbit covered all regions well and is sufficient for good statistics, although the coverage is somewhat less at $3 MLT. The bottom panel shows MLAT for each L value at in situ locations of spacecraft. As L value becomes larger, the absolute values of MLAT increase. [17] The 5 min averaged data sets are binned with a size of ÁL = 1 for L value and 1 hour for MLT. The data are also sorted by the polarity of the 40 min averages of the IMF B Z component, after propagation delay is taken into account. The time interval of 40 min is the same as that chosen by Weimer [2001] . (The calculated values are also available as supplemental material).
Statistics
1 The average Kp index for IMF B Z > 0 is 1.45, while that for IMF B Z < 0 is 2.45. The latter indicates that our average southward IMF condition is quiet compared with stormtime conditions.
[18] Figures 4a and 4b show the number of 5 min averages in each bin, sorted by MLT on the horizontal axis, with L value shown by several line types. The figures are shown for each polarity of IMF B Z . The number of data increases as L value decreases, indicating that the spacecraft stay a longer time at lower L shells. The larger number of samples between MLT $ 15 and 24 is due to the fact that in the 15 month data set this MLT region is covered twice, in 2001 and 2002 . Figures 4c and 4d show the average number of 2 s data used for the 5 min averages. In the absence of data gaps, the number of 2 s samples in 5 min would be 150. The average number decreases as L value increases, although the dependence is not as clear as in Figures 4a and 4b . When IMF B Z < 0, the number of the nightside data is less than that of the dayside data at L = 9.5. One possible reason for such a difference is that fewer electron beams tend to return to the detector when the background magnetic field is smaller because the electron gyroperiod is longer and the beam dispersion is greater. Another reason is that the electric fields are more variable in the plasma sheet as shown in the case study in Figure 1 and reported by, e.g., Quinn et al. [2001] . In this case, tracking of the electron beams is harder than for more stable electric fields.
[19] Based on these data sets, two types of figures are shown for statistical averages: (1) the electric field magnitude and convection direction in the X-Y plane and (2) the dependence of the electric field on MLT at fixed L values. Figure 5 shows the electric field with the former style. Because of the large dynamic range of E and V = E Â B/B 2 , we show the vector data as a hybrid, jEjV/jVj. In this figure the length of the vector corresponds to the magnitude of the electric field. An electric field of 0.2 mV/m corresponds to 1 R E in the figure. The direction of the plotted vector is that of convection so that the direction of the electric field is obtained by rotating 90°in a counterclockwise direction. (Figure 5a ). Such a region exists at L = 4 $ 10 and at 14 $ 20 MLT. A dawndusk asymmetry of the electric field strength is clearly seen, which is consistent with previous work, e.g., by . In the inertial frame (Figure  5b ), the corotating component is dominant at low L values. The polarity of the azimuthal convection is reversed at L $ 6 in the evening MLT because the dawn-dusk and corotation electric fields have opposite signs. The stagnation point, at which the electric field is $0, is located in this area. On the other hand, the dawn-dusk and corotation fields have the same sign on the dawnside so that eastward convection is observed at all L. On the dayside, sunward convection is observed. Magnetic flux is convecting toward the magnetopause, which might be related to the dayside reconnection. For IMF B Z > 0 (Figure 5c ), the convection in the corotating frame is much smaller than for IMF B Z < 0 (Figure 5a ). Westward convection in the duskside is smaller. Sunward convection on the dayside is also smaller in Figure 5d , presumably because less magnetic flux is transported to the tail from the magnetopause during reduced reconnection. The stagnation point is located at L $ 7.5 with an accuracy of ±1 R E (our bin size) so that the size of the plasmasphere is expanded for northward IMF.
[20] Next we show statistical results more in detail at fixed L value (Figure 6 ). The electric field is shown in the corotating frame with a horizontal axis of MLT. Measurements from Cluster are shown as a solid line. The standard deviation is indicated as error bars. Results from previous observations are overlaid as noted in the legend: ground radar measurements by Wand and Evans [1981] (orange), Volland [1973 ] -Stern [1975 model (red), Weimer [2001] model derived from probe measurements on DE 2 (light blue), McIlwain [1986] E5D model from the particle measurements on ATS-5 (dark blue), and measurements by the Geos 2 electron beam instrument from (green). Radar data are mapped to the magnetic equator by assuming a dipole magnetic field at 56°MLAT (i.e., to L $ 3.2). For the Volland-Stern model, the electric potential in the corotating frame is given by the following equation,
where A is contribution from the dawn-dusk convection field, g is the shielding parameter and f is MLT. The relationship between the above parameter A and Kp index was determined by Maynard and Chen [1975] for a case with g = 2. This relationship was inferred from the location of the plasmapause. In evaluating A, we use the average Kp index for both IMF B Z polarities. The Weimer potential is mapped to the equator using the Tsyganenko and Stern [1996] model. Average solar wind conditions are introduced to the models.
[21] In Figure 6a the electric field is shown for 4 < L < 5 and IMF B Z > 0. The radial component is inward at approximately 0200 $ 1500 MLT. The azimuthal component is eastward at 0500 $ 1200 MLT, while it is westward at other MLT. This observation by Cluster is similar to the result from Wand and Evans [1981] for the winter season, at least at dayside MLT. We consider this point further in the discussion. The discrepancy is larger for the Volland-Stern, Weimer, and McIlwain models.
[22] Figure 6b shows electric fields at the same L range (4 < L < 5) but for southward IMF, in the same format as Figure 6a . A strong outward electric field of magnitude $0.8 mV/m is observed at 1900 $ 2200 MLT, although standard deviations are comparable to average values. This signature is not observed in the northward IMF case. The average value is about half of that in the case study, presumably because data from several orbits are averaged. The Kp index for the case study is 3 + $ 4 À , while for statistical study it is 2.45. It should be also noted that the electric field observed by Cluster is larger than that of the other models. The discrepancy from the Volland-Stern model is not surprising because it does not take into account the effect of the polarization field within the inner edge of the plasma sheet but only the effect of the dawn-dusk electric field. In the azimuthal component, the discrepancy between the Cluster observation and the other results is similar in size to that for the radial component.
[23] Figures 6c and 6d show electric fields for the southward IMF case but at 6 < L < 7 and 9 < L < 10, respectively. In Figure 6c a result from is overlaid. They obtained data from an electron beam instrument on Geos 2, somewhat similar to EDI. In this example, the electric fields from Cluster, Volland-Stern, Weimer, and Baumjohann and Haerendel [1985] are rather similar to each other, compared with the previous two examples. The electric field from the McIlwain model has a larger negative value at predawn MLT than the other four. The largest outward electric field on Cluster is 0.7 mV/m at 20.5 MLT. A similar outward field appears in the Weimer model, although the peak local time is earlier at 17.5 MLT. The dawn-dusk asymmetry of the outward component is clear, which is also seen in Figure 5a . As for the azimuthal electric field, an eastward component is seen between 0100 and 2000 MLT, which agrees with the results from the Weimer and McIlwain models and . We note also that the radial component is generally larger than the azimuthal component. This might result from the shielding of the dawn-dusk electric field. When we consider the Volland-Stern model, the radial component E R and azimuthal component E A in the corotating frame are derived from equation (1) as follows:
If g is above 1, then amplitude of radial component as a sinusoidal function of MLT is larger than that of azimuthal component, which is actually shown in Figure 6c .
[24] In Figure 6d , 9 < L < 10 with southward IMF, the four electric fields are rather similar. However, the polarity of the EDI radial electric field changes at $9 MLT, which is earlier than for the other three models and for lower L values. The latter point is similar to the theoretical calculation by Vasyliunas [1970] , when the measured electric fields are mapped to the ionosphere. The direction of the electric field on the dayside is inward in the morning and early afternoon MLT at lower latitude where ionospheric conductivity is low, while it is outward in the late morning and afternoon MLT at higher latitude where ionospheric conductivity is high. Thus one possible explanation of the extension of the outward electric field toward the earlier MLT on Cluster is a gradient of ionospheric conductivity at L = 4 $ 10. In this figure the radial component is again larger than the azimuthal component, indicating the shielding as in Figure 6c .
[25] Finally, we compare the average values and fluctuations. Here fluctuations are represented by standard deviations, which are the square root of the summation of the variances for two components in the X-Y plane. They are calculated from 5-min averages for each bin so that they do not include fluctuations with periods shorter than 10 min. Averages and standard deviations for 15 $ 21 MLT are shown in the inertial coordinate system (Figure 7) . We chose this MLT range because it is where the stagnation point is expected to be located. At the stagnation point, the ratio of the AC electric field to the DC electric field is expected to be the largest. We have obtained one estimate of the statistical locations of the stagnation point from Figure 5 . The locations are L $ 7.5 for northward IMF and L $ 6 for southward IMF. In Figure 7 , standard deviations are often greater than the averages. This is true for L > 7 with northward IMF and for L > 4 with southward IMF. Locations of the stagnation point for both polarities of IMF B Z are regions with larger standard deviations than the averages, therefore corotating plasma just inside the stagnation point might be easily relocated to the stream line connected to the magnetopause and vice versa. This indicates that the fluctuating component might result in the outflow of plasmaspheric material [e.g., Matsui et al., 1999] . It should be also noted that the existence of the large fluctuating component is consistent with other previous reports [e.g., Wygant et al., 1998; Junginger et al., 1984; Quinn et al., 1999] .
Discussion
[26] In the above analysis, characteristics of the electric field measured by Cluster EDI are outlined. Here we discuss these results quantitatively and compare them with previous Averages and standard deviations of the electric field in the inertial frame for 15 $ 21 MLT. We chose this MLT range because the stagnation point is expected to be located. models. The order of discussion starts from the region closer to the Earth. Thus our first concern is the contribution to the electric field by the ionospheric dynamo. Then, we estimate the component which results from the convection field.
[27] Wand and Evans [1981] assume the electric field at Millstone Hill is dominated by the effect of ionospheric dynamo during quiet activity. The similarity to the radar observation by Wand and Evans [1981] in the winter season suggests the possibility that the electric field measured by Cluster is strongly affected by the ionospheric dynamo at L = 4.5 with northward IMF. This idea is similar to what suggested for the contribution of the ionospheric dynamo to the convection data from Geos 2 for quiet times. However, there are three more effects we should take into account: (1) The electric fields at nightside MLT do not agree with each other, which might result from larger error bars on the nightside as mentioned by Wand and Evans [1981] . (2) Discrepancy from the radar results at other seasons, such as summer and equinoxes, is larger. (See Figure 4 of Wand and Evans [1981] .) (3) The latitude of the radar observation is lower by $6°than the latitude of the footprint of Cluster at L = 4.5. In another work by Heelis and Coley [1992] they decomposed the radial electric field into Fourier components using data from DE 2. Diurnal components have different phase values depending on whether their origin is the magnetosphere or the ionosphere. A peak positive value for the magnetospheric component is at $19.5 MLT, while that for the ionospheric component is at $1100 MLT. Semidiurnal and terdiurnal components seem to result from the ionospheric dynamo. As for the phase of the diurnal component of Cluster data at L = 4.5, the peak positive value is $2100 MLT, which is similar to that attributed to a magnetospheric origin for DE 2. This suggests that the primary source of the diurnal components on Cluster is the magnetosphere. There is one additional reason regarding this point. As noted in the statistics, the boundary of the reversal of the sign of the radial components continuously moves toward later MLT with decreasing L values. Such electric field variation is similar to the simulation result by Vasyliunas [1970] , which considered electric fields only with a magnetospheric origin. However, the radial electric field observed by Cluster is not sinusoidal because contributions from semidiurnal and terdiurnal components are not negligible. Here we should note that the amplitudes of the diurnal, semidiurnal, and terdiurnal components are obtained as 0.094, 0.044, and 0.072 mV/m, respectively, from the Fourier analysis. The origin of the latter two components might be the ionosphere as Heelis and Coley [1992] argued for the electric field at middle latitudes. Moreover, as noted in the statistics, Cluster observations are in better agreement with the radar observation than with the Volland-Stern and Weimer models, which supports the idea that the Cluster observations are affected by the ionospheric dynamo because these two models do not include its effect. From the amplitudes of the sinusoidal variations as shown, we can determine the percentage of the spectral power of the electric field of the magnetospheric origin and of the ionospheric origin to the spectral power of the total electric field. The magnetospheric percentage is at least $30% by assuming contribution from the diurnal component. The ionospheric percentage is at least $25% by assuming contribution from the semidiurnal and terdiurnal components. In summary, we infer that the electric field at L = 4.5, under northward IMF, is affected by both magnetospheric and ionospheric components. The former is observed as diurnal components of the radial electric field, while the latter is observed as semidiurnal and terdiurnal components.
[28] Electric fields with a magnetospheric origin are shielded at lower L values as shown in the previous section. Here we try to determine the shielding parameter g from the observation. A determination of g was first given by Volland [1973] . He estimated g as 2 because the shape of the plasmapause fits well with this value. estimated g as 2 by using the ratio of radial to azimuthal components at geosynchronous orbit. On the other hand, Kaye and Kivelson [1981] determined g by using dependence of the electric field on L value as follows. The parameter g varies inversely with Kp for Kp ] 3, and g $ 1 for Kp ] 3. When geomagnetic activity is large, Kp 7, g is inferred as negative, according to the radial dependence of electric field presented by Rowland and Wygant [1998] . This indicates that the shielding tends to disappear at high geomagnetic activity. We can estimate g in a fashion similar to these works. From the data base we have shown, the dependence of the total electric field on L, averaged for all MLT ranges, is available. Here we average data over all MLT ranges, in order to discuss general characteristics first. Then the values for limited MLT ranges are discussed in the next paragraph. The parameter g is estimated as 2.2 ± 0.5 for IMF B Z > 0 and 1.6 ± 0.4 for IMF B Z < 0, where we show averages and standard errors. The following equation is used to estimate g:
where E R j j and E A j j are the averages of the absolute values of the radial and azimuthal electric fields in mV/m in all MLT ranges, respectively. The offset C of the regression line is proportional to the cross-tail potential. The summation is between L = 4.5 and 9.5 with an interval of ÁL = 1 so that it is divided into six L ranges. (We summarize estimated g values in Table 1 .) Although the standard error is large, the average value of g is smaller with southward IMF. This is consistent with the result of Kaye and Kivelson [1981] , indicating a tendency of weaker shielding as the activity increases. We note that activity is stronger with southward IMF. Moreover, the point that the average g is close to 2 is consistent with Volland [1973] and . This value is not consistent with the value during the active period estimated from Rowland and Wygant [1998] because our average Kp index for both polarities of IMF B Z is much smaller than that of stormtime periods. The above methods to estimate g can also be applied (3), it is possible to determine the cross-tail potential from Cluster data as well as g. If we assume a magnetopause radius of 15 R E at x = À15 R E , the potential is estimated as 38 kV (108 kV) for IMF B Z > 0 (IMF B Z < 0). When we refer to, for example, Weimer [2001] , such a value of the potential is typical.
[29] We now consider the dawn-dusk asymmetry of the electric field in the corotating frame. mentioned one reason for this as the different level of shielding of the dawn-dusk electric field at different MLT. Here we can estimate the g dependence on MLT by using equation (3), although the MLT ranges to calculate averages must be modified. Choosing duskside MLT between 1500 and 2100 MLT, g is estimated as 2.5 ± 0.2 (1.9 ± 0.3) for IMF B Z > 0 (IMF B Z < 0). For dawnside MLT between 0300 and 0900 MLT, g is estimated as 1.9 ± 0.7 (1.3 ± 0.4) for IMF B Z > 0 (IMF B Z < 0). (These values are summarized in Table 1 .) This indicates that larger shielding on the duskside is observed by Cluster. When shielding is effective, the field lines do not penetrate to the region close to the Earth. In the most simple case, the plasmasphere is completely shielded from the magnetospheric electric field, namely a perfect conductor. If the number of equipotential contours connecting from the magnetotail to the duskside magnetosphere is the same as that to the dawnside magnetosphere, the interval between the contours becomes narrower at the duskside because the distance between the magnetopause and the plasmapause is smaller at the duskside due to the plasmaspheric bulge. As a result, the electric field at the duskside is stronger. In this case a larger positive electric charge is accumulated at the duskside plasmapause, which is a similar situation within SAPS [e.g., Anderson et al., 2001] .
[30] Now we consider the dependence of the transport of magnetic flux toward the magnetopause on the polarity of IMF B Z . A clear dependence of the outward transport of magnetic flux on this polarity is reported by . It is possible to calculate the average rate of sunward transport of magnetic flux in the dayside magnetosphere between 0600 and 1800 MLT at 9 < L < 10. The values in the inertial frame are 0.11 mV/m and 0.32 mV/m for IMF B Z > 0 and for IMF B Z < 0, respectively. The value for southward IMF is about three times the value for northward IMF. We can compare this southward value with the tangential electric field at the magnetopause. Lindqvist and Mozer [1990] estimated this from 205 magnetopause crossings as $0.4 mV/m, which is close to the value from Cluster.
[31] In this study, we discuss results based on EDI measurements. However, there are limitations of the instrument. As stated previously, the return rate of beams is smaller at larger L value and nightside MLT, where larger fluctuating components occur. Large fluctuations may also occur during stormtime periods, such as investigated by Wygant et al. [1998] , in which electric fields determined by a probe instrument were compared with the in situ magnetic fields as well as Dst index. Another work by Burke et al.
[1998] examined a relation between electric field measurements and particle measurements during a stormtime period. The effects of strongly fluctuating electric fields on EDI beam returns will tend to bias the statistical results in highly active periods. Quantifying this through comparisons with other Cluster measurements is the subject of a future study.
Conclusions
[32] In this study we report electric fields obtained at L = 4 $ 10 by EDI on Cluster. Results are obtained in all MLT ranges, using data from more than 1 year. The data are mapped to the magnetic equator and organized by IMF B Z polarity. The average Kp index for southward IMF is 2.45 which is quiet compared to that of stormtime periods. The following six points are derived from the data.
[33] 1. In northward IMF the signatures of magnetospheric and ionospheric dynamo components seem to coexist at the lowest L values. The magnetospheric source contributes at least $30% to the electric field, while the ionospheric dynamo contributes at least $25%.
[34] 2. The shielding of the dawn-dusk electric field is seen in two ways: (1) the electric field is larger at higher L values in the corotating frame and (2) the amplitude of the radial electric field is larger than that of the azimuthal component.
[35] 3. The electric field at the duskside is larger than that at the dawnside in the corotating frame. One reason for this asymmetry is the different shielding level caused by the existence of the plasmaspheric bulge at the duskside.
[36] 4. In dayside MLT, the sunward convection in the inertial frame depends on the polarity of IMF B Z being larger for IMF B Z < 0, presumably because magnetic reconnection takes place preferentially with IMF B Z < 0. For IMF B Z < 0, the magnetic flux tubes are supplied to the dayside magnetopause with a rate of 0.32 mV/m.
[37] 5. The direction of the radial electric field in the dayside MLT is inward in the morning and early afternoon MLT at lower L value, while it is outward in the late morning and afternoon MLT at higher L value. The gradient of ionospheric conductivity might account for this observation.
[38] 6. The fluctuating electric field component is often larger than the average values. The fluctuating part might be important for transport of plasmaspheric material as well as radial diffusion of high-energy particles of the radiation belt. These effects will be investigated in future extensions of this work.
